Pentamer cluster of azodicarbonamide (ADA) based on the crystalline structure was investigated for the equilibrium structure, the stabilization energies, and the vibrational properties at various levels of the density functional theory. Stretching force constants of N…H or O…H, and angle-bending force constants of N-H…N or N-H…O for intermolecular hydrogen bonds in the pentamer cluster were obtained in 0.2-0.5 mdyn/Å and 1.6-2.0 mdynÅ, respectively. The geometry of central ADA molecule fully hydrogen bonded with other four molecules shows good coincidence to the crystalline structure except the bond distances of N-H. Calculated Raman and infrared spectra of central ADA molecule in cluster represent well the experimental spectra of ADA obtained in the solid state compared to a single molecule. Detailed structural and vibrational properties of central ADA molecule in the pentamer cluster are presented.
Introduction
Azodicarbonamide (H 2 NCON = NCONH 2 , ADA) is commonly used for the blowing agent through thermal decomposition, and it contains both azo and two amide groups in its chemical structure. It has some interesting structural characters, i.e., a simplicity in the chemical structure, a strong molecular symmetry, and an intermolecular hydrogen bonding capability to its neighbors in the condensed phase. The trans-configuration as shown in the crystallographic geometry.
1-3 is slightly lower in energy than with cis-configuration. The crystallographic study of ADA revealed strong hydrogen bonding effects in molecular geometry because it is quite planar even in the crystalline state. The strong hydrogen bonding could cause a cluster formation in gas phase, in solution, or in solid state in many chemical systems. The theoretical, computational or experimental studies have been undertaken for clusters of a variety of chemical species, e.g., formamide, 4-8 thymine, 9 trimethylamine N-oxide, 10 cyclodisiloxane, 19 inorganics, 20, 21 liquid-crystalline oligomers, 22 and cyanines.
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Application of density functional theory (DFT) to chemistry 24 has received much attention recently because of a faster convergence in time than the traditional quantum mechanical correlation methods in part, and improvements in the prediction of the molecular force field, vibrational frequencies, and dipole moments. Therefore the force field from DFT calculation could be utilized with the spectroscopic data for the assignment of observed frequencies and the refinements of the molecular force field under study. The method using BP86 approximation has been successfully applied for the vibrational prediction of the azo compounds, e.g., trans-, and cis-azobenzene 25 in particular, because it is more accurate for the vibrational frequency calculations than any other density functional approximations. The normal mode analysis has been applied to elucidate the molecular system of chemistry and biological sciences using Wilson's GF matrix formulation. [26] [27] [28] [29] The matrix method has been enforced with improvements in the setup of internal coordinates, or in the computational method in the refinement procedure of the force field. It is now in progress to expand its application area to molecular dynamics studies as well as structural studies.
In the present study, the vibrational analysis of ADA molecule centered in the pentamer cluster with trans-configuration was investigated by normal mode analysis method using symmetry coordinates. The central ADA molecule was considered to have strong hydrogen bonding effects to its structure from four neighboring ADA molecules. It was performed using the force field obtained from DFT calculation using BP86 functional to clarify the vibrational properties in a powder state of neutral form, and also compared to the experimental spectroscopic Raman or infrared data. The hydrogen bonding effects from neighboring molecules to central ADA molecule were studied by obtaining the force constants of stretching, bending, and torsion modes and vibrational frequencies in terms of local symmetry coordinates, as well in energetic and structural points of view.
Experimental and Computation Methods
Experimental. Azodicarbonamide (ADA) was kindly donated from Kum Yang Company Limited, and used with further purifications and drying in vacuum. Its chemical structure with index numbers is shown in Figure 1 . The infrared spectrum was obtained using the Bruker IFS66 machine with DTGS detector, Nernst bar light source and KBr beam splitter in the spectral resolution of 4 cm −1 and 100 times accumulated for each run. Bruker FRA106 Fourier transform spectrometer was applied in dry nitrogen purge mode to obtain Raman spectrum. It was equipped with 1064 nm cw Nd:YAG laser, a calcium fluoride beam splitter and liquid nitrogen cooled InGaAs detector for Raman scattering. The laser power was about 0.2 watt at sample. The spectral resolution was adjusted to 4 cm −1 and 100 times accumulated for each run. A sample powder was contained in ordinary melting point capillary tube (Drummond Scientific Co.) with tight packing for the irradiation. The infrared and Raman spectra are shown in Figures 3 and 4 , respectively.
Computation. Single molecule and pentamer cluster were calculated at the theory levels of HF, B3LYP, B3P86, and BP86 using the 6-31G*, 6-31G**, and 6-311G** basis sets with the Gaussian03 program package (Gaussian, Inc.). The isotope atomic masses adapted for calculations were 12.01115 for carbon, 14.00307 for nitrogen, 15.9994 for oxygen, and 1.007825 for hydrogen, respectively. The temperature was set to 298.15 K and the pressure to 1.0 atm. The infrared and Raman spectra calculated for monomer and cluster are shown in Figures 3 and 4 , respectively.
Cluster model. Initial structure of the pentamer cluster was generated using CS CHEM3D PRO (CambridgeSoft Cooperation) through ORTEP-3 windows version 1.05 according to the crystalline structure reported previously, and then transferred to the Gaussian03 program package for the optimization and the frequency calculation. First, initial optimization was performed at the AM1 level, and then optimized at higher levels of theory with mode-redundant option to force geometrical parameters of the crystalline structure as constraints. Second, further optimizations were progressed by gradually releasing the geometrical constraints. Fully optimized structure displayed in Figure 2 was obtained without any structural constraints at various levels of theory, and then employed for the calculation of Cartesian force constants and the intensities of Raman and infrared normal modes. This pentamer cluster is not positioned perfectly planar, but slightly tilted holding C 2 symmetry. However central ADA shows quite good planarity compared to its neighbors. Structural parameters of the central ADA in the pentamer cluster have been shown at various levels of theory in Table 1 .
In general, the effects of hydrogen bonding have been known to be strong on a straight line in the geometry, A-H…B. When the A…B distance in A-H…B configuration is about 2.8 to 3.0 Å, a hydrogen bond is assumed to exist between A and B atoms experimentally. Therefore, one can deduce Table 1 . Crystallographic structural parameters and Optimized molecular parameters of ADA monomer and Central ADA in pentamer cluster at various levels of theory using 6-31G*, 6-31G**, and 6-311G** basis set. Bond lengths (r) are in Å unit, and bond angles (θ) in degree unit. The numbers are atomic index numbers shown in Figure 1 . 6-31G* 6-31G** 6-311G** 6-31G* 6-31G** 6-311G** 6-31G* 6-31G** 6-311G** 6-31G* 6-31G** 6-311G** Tables 3 and 4 at the level of BP86 approximation using three different basis sets, respectively.
To obtain vibrational properties of hydrogen bonds in the pentamer cluster, each monomer molecule was configured to be connected each other through four hydrogen bonds representing hydrogen bonding of the same kind, e.g., dot lines, dash lines, or long-dash lines in Figure 2 . This reconfiguration results in 3 sets of clusters shaped like a propeller connected in the same line. Each of three screw-like clusters was then treated by the local symmetry coordinates of its own. Because this cluster is connected each other through hydrogen bonds to a large molecule of 60 atoms, in the local symmetry coordinate there are 174 modes in all. It consists of 59 stretching, 58 in-plane bending, 20 out-of-plane deformation, and 37 torsion modes. The structural parameters and force constants in the local symmetry coordinates are listed in Table 5 at the level of BP86 approximation using three different basis sets. Single molecule and the pentamer cluster have 12 and 60 atoms in total, respectively. The force constants matrix in the Cartesian coordinate generated through ab initio or density functional calculation has 666 elements for single molecule and 16290 elements for the pentamer cluster overall which are composed of all the diagonal and half the off-diagonal elements. Using these elements, the force constants in the local symmetry coordinates, the frequencies, and potential energy distributions were obtained using Wilson's GF matrix method. The scaling factors are now well recognized to be transferable for the group frequencies. In this study, however, we did not apply any scaling factor, e.g., 0.96, etc., for the frequency calculations.
Results and Discussion
Optimized structure of central ADA in pentamer cluster. Fully optimized geometry parameters of central ADA in the pentamer cluster at the level of HF, B3LYP, BP86, and B3P86 using 6-31G*, 6-31G**, and 6-311G** basis set have been presented in Table 1 along with those of fully optimized ADA monomer and X-ray crystallographic data. The central ADA molecule is almost planar both in crystallographic geometry and in the optimized geometry. The backbone dihedral angle through C2-N5-N7-C8 was obtained to be 180.0 o , the dihedral angle through N1-C2-N5-N7 near 175.0 o as shown below calculated at BP86/6-31G* which is compared to the crystal geometry and ADA monomer optimized. Geometry parameters of ADA crystal structure were obtained from Ortep-3 drawing based on the crystal data reported previously.
The amine and carbonyl moieties of amide group CONH 2 in ADA molecule are planar both in crystal and in the optimized geometries at various levels of theory shown in Table 1 . The distance of N1-C2 bond is about 0.16 Å shorter than that of C2-N5 bond as shown in crystallographic parameters, 0.153 Å. The atomic charge, −0.77 of N1 atom was calculated at BP86/6-31G* much stronger in negative than that of N5 atom, −0.23. The distances of N1-C2 and C2-N5 bonds are a bit shorter in central ADA due to intermolecular hydrogen bonding than in ADA monomer, nonetheless the carbonyl bond has been lengthened about 0.02 Å. But, the azo moiety, N=N bond does not show any significant change in the bond distance due to hydrogen bonding. The distances of N-H bonds were weakly lengthened as much 0.02 Å due to hydrogen bonding, but the The numbers are atomic index numbers shown in Figure 2 . optimized are much longer about 0.23 Å than crystal parameters. These results are not clear to explain, but partly because the crystallographic bond distance of hydrogen atom might not be accurate, or partly because, for crystal, the distance of hydrogen atom inherently comes shorter through the crystal packing. The optimized angles of C2-N1-H3, C2-N1-H4, and H3-N1-H4 also show a discrepancy from crystal parameters, but the optimized angles of N1-C2-O6, N1-C2-N5, and O6-C2-N5 of central ADA in pentamer cluster show very good coincidence with crystal parameters. The optimized angle of C2-N5-N7 is close to the crystal parameter for all density functional theory using every basis set utilized in this study.
Energetics of ADA pentamer cluster. Intermolecular hydrogen bonding would generate significant stabilization energies to form the cluster. Table 2 shows these results at various level of theory using three different basis set under 1.0 atm and 298 K. Stabilization (Δ(ΔE) and Δ(ΔH)) per a single ADA molecule in electronic energy and enthalpy has been calculated in the range of about 50 kJ/mol as shown in Table 2 . However the free energy of stabilization is less small as much about 10 kJ/mol because the entropy change became reduced due to clustering.
Force constants of central ADA molecule in the symmetry coordinates. Diagonal elements of force constants of force constant matrix in the symmetry coordinates were listed for ADA monomer and central ADA molecule in Table 3 . The symmetry coordinates were divided into several blocks, e.g., stretching, deformation (in-plane and out-ofplane bending), and torsion.
Stretching. The force constants of N-H stretching were about 6.1 and 5.6 mdyn/Å. The force constants were smaller than those of monomer, due to hydrogen bonding. The difference of force constants between two stretching (N-H3 and N-H4) was due to strength of hydrogen bond. The H3 formed angled hydrogen bond with two different atoms, N and O, but the H4 formed one linear hydrogen bond with O. Then strength of hydrogen bond of H4 was stronger than that of H3 as explained above. The force constants of N-C stretching increased to about 8.6 mdyn/Å due to hydrogen bonding, but force constants of C=O stretching decreased to about 10.9 mdyn/Å. Whereas, the force constant of N=N stretching was not changed to maintain the same magnitude as ADA monomer, 10.8 mdyn/Å.
In-plane bending. These modes include both scissoring and rocking modes of NH 2 , and skeletal bending modes of N-C-N, N-C=O, and C-N=N. The force constants of NH 2 scissoring and rocking modes were not much changed to maintain at 0.5 and 0.6 mdynÅ from near 0.5 mdynÅ of ADA monomer. The force constants of N-C=O and N-C-N bending were increased to 1.4 mdynÅ from near 1.0 mdynÅ of ADA monomer due to hydrogen bonding. The force constant of bending of C-N=N was increased to 1.9 mdynÅ from 1.5 mdynÅ of ADA monomer.
Out-of-plane deformation. These modes include wagging mode of NH 2 , and out-of-plane deformation of C=O. The force constants of NH 2 wagging mode were significantly increased to about 0.09 mdynÅ from 0.01 mdynÅ of ADA monomer due to hydrogen bonding. However, the force constant of C=O deformation was slightly increased to 0.65 and 0.78 mdynÅ from 0.65 mdynÅ of ADA monomer.
Torsion. The force constants of NH 2 torsion modes were comparatively increased to about 0.7 mdynÅ from 0.3 mdynÅ of ADA monomer. The force constants of N-C modes were drastically increased to about 0.7 mdynÅ from 0.02 mdynÅ of ADA monomer. The torsion mode of N=N was slightly increased due to their hydrogen bonding because it maintains the skeletal structure in the central position.
Vibrational analysis of central ADA molecule. The calculated frequencies of ADA monomer and central ADA in pentamer cluster at BP86 level with experimental frequencies of solid ADA with assignments were shown in Table 4 . The vibrations of central ADA molecule were analyzed in each region of interest.
Vibrations of N-H stretching region. Stretching frequencies of N-H where the hydrogen atoms were hydrogen bonded to neighboring oxygen or nitrogen atoms were calculated at 3341, 3338, 3166, and 3164 cm −1
. These frequencies were similar to the experimental values, 3316, 3338, 3172, and 3158 cm −1 as shown in Table 4 . These frequencies were down shifted from those of the ADA monomer due to strong hydrogen bonding. In particular, the latter two bands are mainly attributed from N-H4 stretching while the former two bands mainly from N-H3 stretching. This indicates that the hydrogen of N-H4 part makes stronger hydrogen bond as shown in Table 4 . This could be conformed from the IR spectrum experimentally obtained which is shown in the bottom of Figure 3 . The band at 3172 cm −1 (N-H4 stretching, Bu) is much broader than a band at 3338 cm −1 (N-H3 stretching, Bu). This indicates that the hydrogen of N-H4 makes stronger hydrogen bonding than that of N-H3 because it is connected to oxygen atom of carbonyl group in the way of almost linear.
Vibrations of C=O stretching region. Stretching frequencies of C=O were calculated at 1737 and 1736 cm −1 . These values were similar to 1734 and 1710 cm −1 of experimental values as shown in Table 4 , also down-shifted compared to the ADA monomer. This band is usually considered as Amide I band in the peptide system. This carbonyl band is coupled weakly with N-C stretching mode. There are two bands at 1661 and 1636 cm −1 which are from carbonyl band coupled with NH 2 scissoring mode. These are slightly apart from calculated 1609 and 1619 cm −1 , which are considered as Amine II band in the peptide system. This discrepancy can be proposed to be partly from reduced C=O stretching and enhanced NH 2 scissoring contributions due to strong hydrogen bonding in the cluster. The IR spectrum experimentally obtained shown in the bottom of Figure 3 , where the broadening indicates the hydrogen bonding.
Vibrations of N=N stretching region. Stretching frequencies of the azo group N=N for all cases are not much changed despite to hydrogen bonding. Only a few wavenumbers are down-shifted compared to the ADA monomer, but the frequency of N=N stretching, 1571 cm . These frequencies were almost the same to the experimental values, and coupled with C=O stretching and N-C stretching modes.
Vibrations of skeletal in-plane bending region. The skeletal frame of C-N=N-C has its in-plane deformation modes with O and N connected, which are C-N=N bending, N-C=O bending, and N-C-N bending. These modes are scattered in the region of 920 to 238 cm −1 . The N-C=O bending mode is considered as Amide IV band in the peptide system. Two bands at 673 and 618 cm −1 is attributed from this N-C=O mode coupled with other modes.
Vibration of NH 2 out-of-plane-bending and torsion region. In the pentamer system, the out-of-plane mode of NH 2 group is greatly hindered due to hydrogen bonding in the cluster. This effect makes NH 2 torsion and NH 2 wagging modes to very strong. The NH 2 torsions are calculated to 860 and 856 cm . Force constants of hydrogen bonds in the local symmetry. The optimized structural parameters and calculated force constants in local symmetry coordinates of hydrogen bonds in ADA pentamer cluster at BP86 level at different basis sets are shown in Table 5 along with crystalline structural parameters. Because the calculated spectra using the basis set 6-31G* fits well the experimental infrared and Raman spectra, the force constants calculated from the basis set 6-31G* are discussed as following.
Stretching of hydrogen bonding. Force constants of bent H…O bonds (H3…O46 and O6…H51) which were drawn with dot lines in Figure 2, Table 5 . This distance is much less than 2.4 Å calculated in the hydrogen bonded system 30 of ammoniaacetylene dimer, H 3 N…HC ≡ CH. These values for the linear H…O hydrogen bonding system were also much larger than 0.0582 mdyn/Å observed from a hydrogen-bonded dimer 31 formed between trimethylamine and acetylene, (CH 3 ) 3 N… HC≡CH, in gas phase by Fourier-transform microwave spectroscopy. The hydrogen bonding proton stretching mode 33 in polyglycine I at 20 K studied by inelastic neutron scattering spectroscopy shows at 2960 cm −1 , with double minimum potential wells which is far below the normal N-H stretching vibrational frequency indicating strong hydrogen bonding.
In-plane bending of hydrogen bonding. Force constants of N1-H3…O46 and N1-H3…N41 bending modes came out about 1.7 mdynÅ, of O6…H51-N49 and N7…H51-N49 bending modes to about 2.0 mdynÅ. Force constants of N1-H4…O30 and O6…H40-N37 bending mode came out 1.636 and 1.911 mdynÅ, respectively. These values are quite large compared to 0.030 mdynÅ of C=O…H-N bending 32 obtained from the calculation of crystalline anti-parallel chain pleated sheet polyglycine I. However, the bending mode 33 of hydrogen bonding proton perpendicular to the mean plane of the peptide unit of polyglycine I was observed at about 700 cm −1 which suggests firm rigidity in the chain structure of polyglycine. Our structure has two hydrogen atoms forming strong hydrogen bonding with next molecules in the cluster, therefore these bending modes are very rigid to make inplane bending motion.
Torsion of hydrogen bonding. Force constants of torsion modes of bent hydrogen bonding came out about 0.3 mdynÅ, but of linear hydrogen bonding to about 0.5 mdynÅ. These values are also larger than the usual torsion force constants adapted in analysis of polyglycine I system. This is mainly due to the rigidity in the pentamer cluster.
Conclusions
The equilibrium structure, the stabilization energies, and the vibrational properties were studied using a pentamer cluster of azodicarbonamide molecules. Stabilization enthalpy from a pentamer formation of about 48.75 kJ/mol calculated using BP86/6-31G* theory level is rather large compared to other molecules. This implies that ADA molecules form very strong hydrogen bonded cluster. Using the force constant matrix calculated for pentamer, vibrational analysis shows successful to explain the experimental Raman and infrared spectrum of ADA solid state. The stretching and angle-bending force constants of intermolecular hydrogen bonds were obtained.
